INTRODUCTION
T he demineralization of dental enamel is of particular clinical relevance, and several studies have investigated possible differences between the susceptibility of primary (deciduous) and permanent enamel to erosion. Results have been contradictory, showing either a higher susceptibility of deciduous enamel to erosion (50% greater mineral loss, and 30% lesion depth) (Amaechi et al., 1999; Hunter et al., 2000) , or no statistically significant differences (Maupome et al., 1999; Issa et al., 2003) . Primary enamel, however, exhibits morphological differences: It is less-mineralized than permanent enamel, and the diffusion coefficient is greater in primary than in permanent enamel (Linden et al., 1986) . Overall mineral density was lower in the outermost layers, but showed no significant differences close to the enamelo-dentinal junction (Wilson and Beynon, 1989) . In vitro nanoindentation studies, combined with atomic force microscopy in the early demineralization stages, suggested that the primary enamel was not more susceptible to erosion (Lippert et al., 2004) , even though it was reported to be statistically significantly softer and less elastic (Lussi et al., 2000) .
In this work, the susceptibility to acid-induced demineralization in vitro and differences in ultrastructure and dissolution kinetics of primary and permanent tooth enamel were studied by a constant composition (CC) technique. The relative undersaturation with respect to HAP was 0.902, with pH = 4.5 and ionic strength = 0.15 mol L -1 .
MATERIALS & METHODS
Twenty freshly extracted caries-and filling-free human primary and permanent molars, stored for less than 2 wks in 0.5% Chloramine-T, were used. We cut each tooth horizontally at the cemento-enamel junction to remove the root portion. We cut the crown vertically (parallel to the tooth axis) from the buccal and lingual sides to produce 2 enamel discs about 2 mm thick from each tooth (40 discs in all). All cuts were made with the use of a slow-speed diamond saw (Buehler Isomet 1000 precision saw, Lake Bluff, IL, USA) with water irrigation. Samples were cleaned by ultrasonication in distilled water for 5 min before and after being polished, and were serially polished with progressively finer silicon carbide papers (P800, P1000, P1200, P2400 and P4000) (Struers, Copenhagen, Denmark). The use of human tissue specimens followed a protocol that was approved by our IRB/ethical committee, and informed patient consent was obtained.
In the constant composition (CC) method (Tomson and Nancollas, 1978) , multiple titrant solutions containing HCl and NaCl were added simultaneously to the reaction solutions during the reactions. Titrants were prepared according to eqns. (1) and (2), taking into account dilution effects.
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In eqns. (1) and (2), W and T are the total concentrations in the reaction solutions and titrants, respectively; and C eff is the effective titrant concentration with respect to HAP (C eff = 1.00 x 10 -4 mol L -1 ). CC curves, recorded as plots of added titrant volume, V, against time, t, were used to calculate the dissolution rates, R, from eqn. 3
The dissolution rate is expressed as equivalent moles of HAP dissolved per mm 2 of surface per min. A T is the geometric surface area of enamel exposed to the reaction solutions.
The dissolution experiments, initiated by the introduction of known amounts of enamel sample, were conducted in magnetically stirred (450 rpm) double-walled Pyrex vessels thermostated at 37.0 ± 0.1°C. Undersaturated solutions, prepared by the mixing of calcium chloride and potassium dihydrogen phosphate with sodium chloride to maintain the ionic strength at 0.15 mol L -1 , were adjusted to pH = 4.50 by the dropwise addition of HCl (0.05 mol L -1 ). The relative undersaturation with respect to HAP, , is defined by eqn.4:
where S is the undersaturation ratio, v is the number of ions in a formula unit of the salt, and IAP and K sp are the ionic activity and solubility products, respectively (Mullin, 2001; Tang et al., 2001) .
(Ca 2+ ) 10 (PO 3-4 ) 6 (OH -) 2 1/18
where (Ca 2+ ), (PO 3-4 ), and (OH -) are calculated by the PHREEQE speciation program, with the Davies extended form of the Debye-Hückel equation, using mass balance expressions for total calcium and total phosphate with appropriate equilibrium constants by successive approximation for the ionic strength. K sp is the solubility product at 37.0°C (5.52 x 10 -118 ). A value of 0.902 was achieved by the use of total molar concentrations: calcium, 1.00 x 10 -3 mol L -1 ; phosphate, 6.00 x 10 -4 mol L -1 ; and sodium chloride, 0.146 mol L -1 .
Titrant addition was triggered by a potentiometer (Orion 720A, Beverly, MA, USA) incorporating glass (Orion No. 91-01, USA) and reference Ag/AgCl (Orion 900100, USA) electrodes. During the dissolution, the electromotive force was constantly compared with a preset value, and the difference, or error signal, activated motor-driven titrant burets to maintain a constant thermodynamic dissolution driving force. During the reactions, samples were periodically withdrawn and filtered (0.22 m Millipore filters, Sterlitech, Kent, WA, USA), and the solutions were analyzed for total calcium (atomic absorption) and phosphate (spectrophotometrically as the vanado-molybdate complex); concentrations remained constant to within 1%.
Crystallites for SEM investigation (Hitachi S-4000 FESEM, beam voltage at 20 kV, HITACHI Ltd, Schaumburg, IL, USA) were collected from the bulk solution by filtration (Nucleopore N003 filter membranes), both during and at the end of the dissolution experiments, and were dried at room temperature.
RESULTS
When smear layers had been completely removed, native enamel surfaces were exposed to the reaction solutions. Scanning electron microscopic (SEM) examination of the resulting etched primary and permanent enamel surfaces showed that demineralization, initiated at core(prism or rod)/wall(prism sheath) interfaces, developed anisotropically along the c-axes (Fig. 1) . During dissolution, crystallites became smaller, and eventually nanosized crystallites were observed to attach to the primary enamel surface (Figs. 2a, 2b) , or escaped into the bulk solution ( Fig. 2c) . After further dissolution, enamel walls of the primary teeth tended to fracture, while permanent enamel walls remained intact (Fig.  3) . It has been shown that almost all of the organic components in enamel are located in the walls (Pelton et al., 1991; Veis, 2003) , but it is not clear how matrix proteins contribute to the mechanical properties of the enamel.
After long reaction times (1 to 2 wks), nanosized apatite particles collected from the bulk solution by filtration were kinetically protected against further dissolution, even though the solutions remained undersaturated (Fig. 4) . From the CC curves, the mean dissolution rates of primary and permanent tooth enamel during the initial linear stage of dissolution were 1.5 ± 0.5 x 10 -10 mol mm -2 min -1 and 2.6 ± 0.5 x 10 -11 mol mm -2 min -1 , respectively (Fig. 4e ).
DISCUSSION
In most kinetic studies, the dissolution rate R has been empirically expressed by a rate law such as eqn. 6,
where k is the rate constant, and n is the effective reaction order (n = 1 for diffusion control). Eqn. 6 implies that the dissolution rate should remain constant at sustained undersaturation. It is well-known that the dissolution of calcium phosphate crystals is highly dependent on the degree of saturation, S. Previously, it was considered that when S < 1, and with a constant value of S maintained, all crystals would inexorably dissolve, until the solid phases had disappeared. However, recent CC studies have shown that the rates decrease markedly with time, despite sustained undersaturations (Tang et al., 2004) .
Microradiography combined with densitometric analysis showed that the surface layer and the interior part of natural caries lesions possessed a high degree of resistance to acid attack, relative to the underlying normal enamel (Aoba and Yagi, 1982) . This phenomenon of experimentally observed self-inhibiting dissolution of HAP was also reported previously (Mafe et al., 1992) .
For all the enamel samples, the initial loss of mineral with time was nearly linear (Fig. 4e) . Our recent results also showed that the rates of mineral loss perpendicular and parallel to the enamel rod c-axis were both approximately constant, but different (Wang et al., 2005) . This anisotropy supports the suggestion (Anderson et al., 1998; Ando et al., 2001; Dowker et al., 2003) that the rate of demineralization depends on the direction and position of the acid attack within a developing lesion. However, the CC results show that this inhomogeneity does not appear to influence the linearity of the mineral loss with time ( Fig. 4e ). For in situ demineralization, both the lesion depth and the mineral loss varied linearly with demineralization time, but in vitro lesion depth increased with a fractional power of time (1/2 or 1/3) (Arends et al., 1992) .
Since the composition and structure of enamel tissues are inhomogeneous and change with lesion development, the process of demineralization is expected to be complex, even in an in vitro model system. In the light of the different dissolution rates of primary and permanent enamel, the direct assumption is that rate differences arise from differences in structure (Shellis, 1984; Sonju Clasen et al., 1997) . Mean lesion depths were associated with prism-junction density and volume fraction of interprismatic enamel, where both were significantly greater in primary enamel than in its permanent counterpart (Shellis, 1984) . The accessible pore volume in partially demineralized enamel influences the distribution of subsequent mineral loss. The effects might be mediated by changes in ion transport, induced by local diffusion coefficients with changing porosity (Dowker et al., 2003) and the relative mineral contents (Naujoks et al., 1967) . The reported mineral content is 81.3-94.2 wt% for primary enamel (Angker et al., 2004; Cuy et al., 2002) , while permanent enamel is close to pure synthetic apatite (around 97%), with the remainder consisting of water and organic matrix (LeGeros, 1991) ; matrix proteins are essentially removed during mature enamel formation (Veis, 2003) . Typically, organic components inhibit crystal dissolution (Weiner and Dove, 2003) . However, in this study, primary enamel with higher organic content dissolved considerably faster than permanent enamel. The demineralization of primary and permanent enamel in acidic media showed significant differences, with primary enamel having a greater susceptibility to demineralization (Fig. 4e) .
The major event in early enamel crystal dissolution is preferential dissolution along a central defect (Johnson, 1967; Orams et al., 1980) . Arends and Jongebloed (1977) indicated that the unusual dissolution behavior of enamel can be related to dislocations. These dislocations, or linear lattice defects, are present in the crystallite centers, and, as a result of acid attack, are the source of two active dissolution sites in each crystallite (Arends and Jongebloed, 1977; Jongebloed et al., 1975) . Simmelink et al. (1974) clearly showed acid-treated human enamel crystals with concave ends along the middle line of crystallite c-axes.
Thickness and width measurements of human enamel crystallites in their mature stage are 26.3 ± 2.2 nm and 68. 3 ± 13.4 nm, respectively (Kerebel et al., 1979) ; however, the length is in the range of 100-1000 nm (Tesch et al., 2001) . Therefore, the central defects on the large crystallite faces provide active dissolution sites, and result in rapid fragmentation of the crystals (Simmelink et al., 1974; Jongebloed et al., 1975) into small pieces (Figs. 4a, 4b) .
The dislocations or central defects were similar to the active pits in our dissolution model, and the previous observations are consistent with our results and the suggested model. In both cases, the CC dissolution reactions were suppressed when the crystallites approached critical sizes (r*) in the nanoscale (Wang et al., 2005) . Demineralization of sparingly soluble salts, such as apatite, was generally initiated and accompanied by the formation and development of pits on the crystal surfaces, and the dissolution rates were also determined by the pit densities and step-spreading velocities. It has been shown that only pits which are larger than r* provide the active dissolution sites that contribute to dissolution (Tang et al., 2001) . When r is closer to r*, there is no fast movement of the stepwave, and the macroscopic dissolution rate is markedly reduced, approaching zero, despite the sustained driving force. The estimated value of r* is about 40-50 nm under these dissolution conditions (Wang et al., 2005) . It is significant that the collected residues following enamel dissolution have similar size distributions (Figs. 4a, 4b) . These nanosized enamel crystallites will be expected to show a remarkable degree of self-preservation (Tang et al., 2004) in the fluctuating physiological milieu, and, in association with organic components, may contribute to the physical characteristics of dental enamel.
